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The relationship between the piezoelectric properties and the structure/microstructure 
for 0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-xBiFeO3 (BBFT, x = 0.55, 0.60, 0.63, 0.65, 
0.70, and 0.75) ceramics has been investigated. Scanning electron microscopy revealed a 
homogeneous microstructure for x < 0.75 but there was evidence of a core-shell cation 
distribution for x = 0.75 which could be suppressed in part through quenching from the 
sintering temperature. X-ray diffraction (XRD) suggested a gradual structural transition 
from pseudocubic to rhombohedral for 0.63<x<0.70, characterised by the coexistence of 
phases. The temperature dependence of relative permittivity, polarisation-electric field 
hysteresis loops, bipolar strain-electric field curves revealed that BBFT transformed from 
relaxor-like to ferroelectric behaviour with an increase in x, consistent with changes in 
the phase assemblage and domain structure. The largest strain was 0.41 % for x = 0.63 at 
10kV/mm. The largest effective piezoelectric coefficient (d33*) was SP9IRU[ 
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Given that all dopant strategies appear empirically to improve resistivity and 
stoichiometric/self-compensated dopants improve d33, it is logical to design doped 
compositions which not only act locally as aliovalent dopants but which also maintain 
macroscopic stoichiometry. The base composition has a mixture of Fe3+ and Ti4+ on the 
B-site. Consequently, only 2+ ions (e.g. Mg2+) will consistently act as an acceptor 
irrespective of where they substitute in the lattice. A similar argument can be made for 
donor 5+ species (e.g. Nb5+) which will act as a local donor wherever they substitute on 
the B-site. Substituting in the ratio Mg2/3Nb1/3 maintains macroscopic stoichiometry 
(assuming an average 3+ valence) by creating a self-compensated combined dopant and 
follows previous work on stoichiometric dopants, e.g. Bi(Mg1/2Ti1/2)O3-BaTiO3-BiFeO3, 
reported by other researchers.27, 29 However, the higher valence of Nb5+ in comparison to 
Ti4+ ensures the universal presence of a donor as well as acceptor ion (Mg2+). To ensure 
that all grains contain both acceptor and donor ions, 5 mol% of Bi(Mg2/3Nb1/3)O3 was 
substituted into the BaTiO3 ± BiFeO3 solid solution in accordance with the formula, 
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   To investigate the microstructure and the compositional homogeneity of ceramics, 
BSE images for the 0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-xBiFeO3 ceramics were 
acquired (Figure 2). For all samples except x =0.75, most grains were in the range of 5 to 
10 µm and image contrast suggested a homogeneous composition, indicating Mg2+ (0.72 
Å) nm and Nb5+ (0.64 Å) reside on the B site (Fe, 0.645 Å and Ti, 0.601 Å). However, 
for x = 0.75, grains were < 5 µm, smaller than in other samples with evidence of a core-
shell structure with darker and brighter contrast, relating to regions of lower (BaTiO3-
rich) and higher (BiFeO3-rich) weight average atomic number consistent with energy 
dispersive X-ray analysis (not shown here).  
   Figure 3 (a) is a dark field two beam TEM image of a sample with x = 0.63 obtained 
using a 111 reflection with the electron beam approximately parallel to a [110] direction. 
There is no evidence of long range polar order (no distinct domain walls) and only local 
correlation of fringe contrast, typical of a pseudocubic (XRD data in Figure 1), relaxor-
like compound with a nano- rather than macro- domain structure. Inset in Figure 3 (a) is 
a [110] zone axis diffraction pattern. Only fundamental perovskite spots appear in the 
pattern with no superstructure reflections, indicating the absence of octahedral tilting. In 
contrast, Figure 3 (b) shows a bright field image near a [112] direction for samples with 
x = 0.7 which shows an R3c phase, consistent with the XRD data, Figure 1. The R3c phase 
is characterised by lamellar ferroelectric domains with corresponding diffraction patterns 
exhibiting ½{ooo} antiphase tilting superstructure reflections in some but not all <112> 
zone axes. Two variants of the <112> zone axes (with and without ½{ooo}) are included 
in Figure 3b. Please note that on tilting the sample lamellar domains may also be observed 
in the upper RHS of the image. 
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IHUURHOHFWULFVWDWHUDWKHUWKDQFODVVLFH[WHQGHUSLH]RHOHFWULFEHKDYLRXU$FRQFOXVLRQ
VXSSRUWHG EXW WKH DEVHQFH RI HYLGHQFH RI ORQJ UDQJH SRODU RUGHU LQ WKH 7(0 LPDJHV




7R LQYHVWLJDWH WKH FDXVH RI WKH FRPSRVLWLRQDO LQKRPRJHQHLW\ IRU
0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-xBiFeO3 (x = 0.75), quenched (into liquid N2) 
were compared to furnace cooled samples. Figure 12 (a) and (b) show BSE images for 
polished0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-(x)BiFeO3 (x = 0.75) of furnace cooled 
and quenched samples. For the furnace cooled composition, the core shell structure is 
apparent in the BSE images but less evident in the quenched sample under identical 
imaging conditions. Moreover, ferroelectric macrodomains are observed in the quenched 
but not in the furnace cooled sample, consistent with the PE and SE loops, Figure 13 (a) 
and (b). We note however, that there is a bright presumably Bi rich phase in the grain 
boundary of the quenched sample. This might suggest a complex phase equilibrium at the 
sintering temperature, involving a Bi-rich grain boundary phase in addition to the 
perovskite matrix phase. It is nonetheless concluded that the inhomogeneous distribution 






VWUDLQ LQ ELSRODU PHDVXUHPHQWV EXW WKH 6( FXUYH RI WKH TXHQFKHG VDPSOH VKRZV D
EXWWHUIO\OLNH VKDSH FRQVLVWHQW ZLWK D VWURQJ IHUURHOHFWULFSLH]RHOHFWULF UHVSRQVH :H
FRQFOXGHWKHUHIRUHWKDWLPSURYHGKRPRJHQHLW\LQWKHPDWUL[SKDVHIRUTXHQFKHGVDPSOHV
UHVXOWV LQ VXSHULRU SLH]RHOHFWULF DQG IHUURHOHFWULF SURSHUWLHV LQ 0.05Bi(Mg2/3Nb1/3)O3-
(0.95-x)BaTiO3-xBiFeO3 (x = 0.75) ceramics. The onset of inhomogeneity in the matrix 
suggests that x = 0.75 cools from a single perovskite phase at the sintering temperature 
through to a lower temperature region in which two perovskite phases co-exist.  
We note that the largest strains in the BBFT system occur at x = 0.63 at theUHOD[RU
IHUURHOHFWULF FURVVRYHU D FRPSRVLWLRQ ZKLFK UHPDLQV KRPRJHQHRXV GXULQJ IXUQDFH
FRROLQJLHKDVDVLQJOHSHURYVNLWHSKDVHRYHUWKHHQWLUHWHPSHUDWXUHUDQJHIURPVLQWHULQJ
:H VSHFXODWH WKDW QRW RQO\ LV WKH 0J1E VHOIFRPSHQVDWHG GRSDQW LPSRUWDQW LQ
FRQWUROOLQJ FRQGXFWLYLW\ LQ WKHVH V\VWHPV EXW LW DOVR HQFRXUDJHV WKH IRUPDWLRQ RI D







05Bi(Mg2/3Nb1/3)O3-0.63BaTiO3-0.32BiFeO3 was fabricated. Figure 14 (a) is a 
scanning electron microscope image (SEM) of a cross section of a MLA. The thickness 
of each ceramic layer was ~120 ȝm and the active area of each electrode was 34.34 mm2. 
No delamination or voids were observed. PE hysteresis loop and bipolar SE curve for a 
MLA measured at room temperature are shown in Figure 14 (b). The MLA gave a 
displacement of ~1.5 ȝP at 882V (7 kV/mm) with a similar strain (0.25%) to bulk 
compositions. The maximum polarization was 38 ʅC/cm2, slightly smaller than that of 
the bulk ceramics, (41 ʅC/cm2). The SE and PE hysteresis loops are however a little wider 
in MLAs than in bulk ceramics, perhaps suggesting some influence of clamping on 
domain wall motion from the presence of the internal Pt electrode. Figure 14 (c) and (d) 
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The relationship between the piezoelectric/electrostrictive properties, the structure 
and microstructure for 0.05(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-xBiFeO3 (x = 0.55, 0.60, 0.63, 
0.65, 0.70, and 0.75) ceramics was investigated. XRD revealed that compositions 
gradually transformed from a pseudocubic (Pm-3m) to a rhombohedral (R3c) phase as x 
increased. BSE images and =´, 0´ spectroscopic plots showed that x = 0.75 is chemically 
heterogeneous and has the greatest electrical inhomogeneity. The temperature 
dependence of the relative permittivity showed Curie maxima, consistent with a crossover 
from relaxor-like to ferroelectric behaviour as x increased with TEM images and 
polarisation - strain - field behaviour also coherent with this premise. The largest d33* was 
measured at  SP9 IRU [    XQGHU  N9PP DW WKH FURVVRYHU IURP UHOD[RU WR
IHUURHOHFWULFEHKDYLRXU7KHWHPSHUDWXUHGHSHQGHQFHIRU[ VKRZHGVWUDLQ
XQGHUDQHOHFWULFILHOGRIN9PPDW&ZLWKDQRWDEOHGHFUHDVHLQK\VWHUHVLVZLWK
UHVSHFW WR URRP WHPSHUDWXUH )RU [    TXHQFKLQJ LPSURYHG WKH FKHPLFDO
KRPRJHQHLW\LQWKHSHURYVNLWHSKDVHDQGUHVXOWHGLQVLJQLILFDQWO\LPSURYHGIHUURHOHFWULF
DQGSLH]RHOHFWULFSURSHUWLHV:HSURSRVHWKDWQRWRQO\LVWKH0J1EVHOIFRPSHQVDWHG
GRSDQW LPSRUWDQW LQ FRQWUROOLQJ FRQGXFWLYLW\ LQ %7%) EDVHG V\VWHPV EXW DOVR
HQFRXUDJHVDUHOD[RUIHUURHOHFWULFSRLQWRIFURVVRYHULQFRPSRVLWLRQVZKLFKDUHPLVFLEOH
RYHUODUJHWHPSHUDWXUHUDQJHVHIIHFWLYHO\PRYLQJWKHLPPLVFLELOLW\UHJLRQDZD\IURPWKH
µVZHHWVSRW¶ IRU KLJK VWUDLQ DQG ODUJH G WKHUHE\ UHPRYLQJ WKH QHHG IRU TXHQFKLQJ
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DQGȤ IRU0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-xBiFeO3 (x = 0.55, 0.60, 0.63, 0.65, 
0.70, and 0.75) FHUDPLFVPHDVXUHGDWURRPWHPSHUDWXUH 
x 
Space 
group Lattice parameters 
Weight 
(%) R-factors   
    a (Å) b (Å) c (Å)   Rwp (%) Rp (%) Ȥ2 
0.55 Pm-3m 4.0007(9) 4.0007(9) 4.0007(9) 
 
9.41 7.37 2.78 
0.60 Pm-3m 3.9988(1) 3.9988(1) 3.9988(1) 
 
9.51 7.46 3.07 
0.63 Pm-3m 3.9980(8) 3.9980(8) 3.9980(8) 85.3 9.70 7.69 1.36 
 R3c 5.6145(0) 5.6145(0) 14.0691(7) 14.7 
   
0.65 Pm-3m 3.9967(6) 3.9967(6) 3.9967(6) 86.5 10.3 8.29 1.67 
 R3c 5.6573(8) 5.6573(8) 13.7388(5) 13.5 
   
0.70 Pm-3m 3.9994(6) 3.9994(6) 3.9994(6) 31.6 9.64 7.40 3.39 
 R3c 5.6352(6) 5.6352(6) 13.8498(9) 68.4 
   
0.75 Pm-3m 3.9982(3) 3.9982(3) 3.9982(3) 13.3 9.40 7.33 3.04 
 R3c 5.6272(6) 5.6272(6) 13.8844(2) 86.7 
   
 
7DEOH&DSDFLWDQFHPHDVXUHGDW&IURP=¶¶SHDNDQGDFWLYDWLRQHQHUJ\IRUWKHGF
FRQGXFWLYLW\ IRU 0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-xBiFeO3 (x = 0.55, 0.60, 0.63, 

























0.75   0.13 0.87 
 
7DEOH&RPSDULVRQRIWKHWHPSHUDWXUHGHSHQGHQFHRIVWUDLQǻ6IRUVHYHUDONLQGVRI
SLH]RHOHFWULF FHUDPLFV 3=7 %L.7L2%) %L1D7L2 %L.7L2 %7%)
%01%7%) 
Material Temperature Range ǻ6 Reference 
PZT 4 RT-160°C 15% 10 
PZT-5H RT-80°C >40% 50 
0.91BKT-0.09BF RT-175°C 15% 46 
BNT-BKT RT-190°C 3% 48 
0.3BT-0.7BF RT-150°C 42% 47 
0.05BMN-0.32BT-0.63BF RT-175°C 25% This work 
 
),*85(;5'SDWWHUQVRI0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-xBiFeO3 (x = 0.55, 










GLIIUDFWLRQ SDWWHUQ LQ ZKLFK RQO\ IXQGDPHQWDO SHURYVNLWH UHIOHFWLRQV DUH DSSDUHQW E
%ULJKWILHOGLPDJHRI[ FORVHWRWKH>@GLUHFWLRQ%RWWRP/+6VKRZVODPHOODU
IHUURHOHFWULFGRPDLQVDQGWKHWRS5+6H[KLELWVDVLPLODUGRPDLQVWUXFWXUHRQWLOWLQJ,QVHW




x)BaTiO3-(x)BiFeO3 FHUDPLFV ZLWK [   D  E  F  G  H 
PHDVXUHGDW&DQGI[ PHDVXUHGDW& 
 
),*85($UUKHQLXVSORWRI WKHGF HOHFWULFDO FRQGXFWLYLW\ IRU0.05Bi(Mg2/3Nb1/3)O3-
(0.95-x)BaTiO3-xBiFeO3 (x = 0.55, 0.60, 0.63, 0.65, 0.70, and 0.75) FHUDPLFV 
 
),*85(7HPSHUDWXUHGHSHQGHQFHRI D HU DQG E WDQG IRU0.05Bi(Mg2/3Nb1/3)O3-
(0.95-x)BaTiO3-xBiFeO3 (x = 0.55, 0.60, 0.63, 0.65, 0.70, and 0.75) FHUDPLFV  
 
),*85()UHTXHQF\GHSHQGHQFHRI UHODWLYHSHUPLWWLYLW\DQGGLHOHFWULF ORVV WDQɷYV




(0.95-x)BaTiO3-xBiFeO3 (x = 0.55, 0.60, 0.63, 0.65, 0.70, and 0.75) FHUDPLFVPHDVXUHG
DWURRPWHPSHUDWXUH 
 
),*85(  8QLSRODU 6( FXUYH RI D XQSROHG DQG E SROHG DQG XQSROHG VDPSOHV RI




0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-xBiFeO3 (x = 0.63) FHUDPLFVPHDVXUHGXQGHUDQ
HOHFWULFILHOGRIN9PPIURPWR& 
 
),*85(  7KH ODUJHVW G FDOFXODWHG IURP XQLSRODU VWUDLQ DQG G IRU
0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-(x)BiFeO3 (x = 0.55, 0.60, 0.63, 0.65, 0.70, and 
0.75) FHUDPLFVPHDVXUHGDWURRPWHPSHUDWXUH 
 
),*85(%6( LPDJHVRISROLVKHGVXUIDFHRI D IXUQDFHFRROHGDQG ETXHQFKHG
0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-(x)BiFeO3 (x = 0.75) FHUDPLFV 
 
),*85(D3(K\VWHUHVLVORRSVDQGEELSRODU6(FXUYHVIRUIXUQDFHFRROHGDQG
TXHQFKHG0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-xBiFeO3 (x = 0.75) FHUDPLFVPHDVXUHG
DWURRPWHPSHUDWXUH 
 
),*85(  D &URVVVHFWLRQDO 6(0 LPDJH E 3( K\VWHUHVLV ORRS DQG 6( FXUYH
PHDVXUHGDWURRPWHPSHUDWXUHDQGWHPSHUDWXUHGHSHQGHQFHRIFXQLSRODUVWUDLQDQGG
3(ORRSRI0/$IRU0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-xBiFeO3 (x = 0.63).   
  
  
)LJ;5'SDWWHUQVRI0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-xBiFeO3 (x = 0.55, 0.60, 




5ZSDQGȤIRU0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-(x)BiFeO3 (x = 0.55, 0.60, 0.63, 
0.65, 0.70, and 0.75) FHUDPLFVPHDVXUHGDWURRPWHPSHUDWXUH 
 















































x Space group Weight (%)
 a(Å) b(Å) c(Å) Rwp (%) Rp (%) Ȥ2
0.55 Pm-3m 4.0007(9) 4.0007(9) 4.0007(9) 9.41 7.37 2.78
0.60 Pm-3m 3.9988(1) 3.9988(1) 3.9988(1) 9.51 7.46 3.07
0.63 Pm-3m 3.9980(8) 3.9980(8) 3.9980(8) 85.3 9.70 7.69 1.36
R3c 5.6145(0) 5.6145(0) 14.0691(7) 14.7
0.65 Pm-3m 3.9967(6) 3.9967(6) 3.9967(6) 86.5 10.3 8.29 1.67
R3c 5.6573(8) 5.6573(8) 13.7388(5) 13.5
0.70 Pm-3m 3.9994(6) 3.9994(6) 3.9994(6) 31.6 9.64 7.40 3.39
R3c 5.6352(6) 5.6352(6) 13.8498(9) 68.4
0.75 Pm-3m 3.9982(3) 3.9982(3) 3.9982(3) 13.3 9.40 7.33 3.04















)LJ  %6( LPDJHV RI SROLVKHG VXUIDFH RI 0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-
xBiFeO3 FHUDPLFV IRU [   D  E  F  G  H  DQG I 




[    REWDLQHG XVLQJ D  UHIOHFWLRQ FORVH WR WKH >@ GLUHFWLRQ LOOXVWUDWLQJ WKH
QDQRGRPDLQVWUXFWXUHRIWKHSVHXGRFXELFUHOD[RUOLNHSKDVH,QVHWLVWKH>@]RQHD[LV
GLIIUDFWLRQ SDWWHUQ LQ ZKLFK RQO\ IXQGDPHQWDO SHURYVNLWH UHIOHFWLRQV DUH DSSDUHQW E
%ULJKWILHOGLPDJHRI[ FORVHWRWKH>@GLUHFWLRQ%RWWRP/+6VKRZVODPHOODU
IHUURHOHFWULFGRPDLQVDQGWKHWRS5+6H[KLELWVDVLPLODUGRPDLQVWUXFWXUHRQWLOWLQJ,QVHW




)LJ  &RPELQHG =´ DQG 0´ VSHFWURVFRSLF SORWV IRU 0.05Bi(Mg2/3Nb1/3)O3-(0.95-




FRQGXFWLYLW\ IRU 0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-xBiFeO3 (x = 0.55, 0.60, 0.63, 






























































IRU 0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-(x)BiFeO3 (x = 0.55, 0.60, 0.63, 0.65, 0.70, 















































x = 0.65x =
0.70
x = 0.75
 )LJ  )UHTXHQF\ GHSHQGHQFH RI UHODWLYH SHUPLWWLYLW\ DQG WDQɷ YV WHPSHUDWXUH IRU













0.05Bi(Mg2/3Nb1/3)O3-(0.95-x)BaTiO3-xBiFeO3 (x = 0.63) FHUDPLFVPHDVXUHGDWURRP
WHPSHUDWXUH 
 )LJ7KHWHPSHUDWXUHGHSHQGHQFHRIWKHXQLSRODU6(FXUYHIRUSROHG































SLH]RHOHFWULF FHUDPLFV 3=7 %L.7L2%) %L1D7L2 %L.7L2 %7%)
%01%7%) 
Material Temperature Range ǻ6 Reference 
PZT 4 RT-160°C 15% 10 
PZT-5H RT-80°C >40% 47 
0.91BKT-0.09BF RT-175°C 15% 43 
BNT-BKT RT-190°C 3% 45 
0.3BT-0.7BF RT-150°C 42% 44 






















)LJ  %6( LPDJHV RI SROLVKHG VXUIDFH RI D IXUQDFH FRROHG DQG E TXHQFKHG




)LJ  D 3( K\VWHUHVLV ORRSV DQG E ELSRODU 6( FXUYHV IRU IXUQDFH FRROHG DQG








= 0.63).   
 
 
 
